Focal and multi-focal plaque macrophage distributions in patients with acute and stable presentations of coronary artery disease  by MacNeill, Briain D. et al.
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OBJECTIVES This study was designed to utilize optical coherence tomography (OCT) images of coronary
atherosclerotic plaque macrophages to investigate the relationship between macrophage
distributions and clinical syndrome.
BACKGROUND The relative significance of focal macrophage infiltration and generalized coronary inflam-
mation for predicting acute coronary events is a currently a source of considerable controversy
in cardiology. Lack of a high-resolution cross-sectional imaging modality has limited
macrophage evaluation in vivo.
METHODS Intracoronary OCT imaging was performed at culprit and non-culprit plaques in patients
presenting with stable angina pectoris, unstable angina pectoris, and ST-segment elevation
myocardial infarction. Macrophage densities were quantified from these images and analyzed
with respect to the clinical presentations of the patients under investigation.
RESULTS A significantly greater macrophage density was found in unstable patients, both for fibrous
and lipid-rich plaques (p  0.025 and p  0.002, respectively). Within each patient, the
macrophage densities at culprit and non-culprit lesions correlated significantly (r  0.66, y 
0.88x  0.43, p  0.01). Sites of plaque rupture demonstrated a greater macrophage density
than non-ruptured sites (6.95  1.60%, 5.29  1.17%; p  0.002). Surface macrophage
infiltration was a stronger predictor of unstable clinical presentation than subsurface
infiltration for culprit lesions (p  0.035) but not for remote lesions (p  0.80).
CONCLUSIONS Our results demonstrate that increases in both multi-focal and focal macrophage densities are
highly correlated with symptom severity. By providing a means of detecting increases in
plaque macrophage content before an acute event, this technique may aid in determining
prognosis and guiding preventive therapy. (J Am Coll Cardiol 2004;44:972–9) © 2004 by
the American College of Cardiology Foundationu
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wur understanding of the pathophysiology of atherosclero-
is and its thrombotic complications continues to evolve (1).
t is now accepted that plaque instability is more closely
elated to biologic activity and cellular composition than to
ngiographic appearance (2). Post-mortem studies have
hown that most acute coronary events occur at the site of a
uptured, macrophage-rich, thin-capped fibroatheroma; a
inority (25%) occur as a result of endothelial erosion
3–5). This finding has resulted in extensive efforts to
etermine if focal features of individual so-called “vulnera-
le” plaques can predict subsequent instability. It remains
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nd through a generous gift from Dr. and Mrs. J. S. Chen to the optical diagnostics
rogram of the MGH Wellman Center for Photomedicine.
Manuscript received October 23, 2003; revised manuscript received May 24, 2004,accepted May 31, 2004.nknown if features of plaque vulnerability are concentrated
t a single site or are more broadly distributed, as suggested
y findings of multi-focal inflammation (6,7) and reports of
ultiple simultaneous plaque rupture in patients with acute
oronary syndromes (8–11). An alternative hypothesis pro-
oses that increased systemic or multi-focal arterial inflam-
ation is an independent risk for acute coronary events,
xpanding the vulnerable plaque concept into a broader
onceptual framework of the “vulnerable patient” (12–14).
An important goal of research in coronary atherosclerosis
s to elucidate the degree of risk imparted by individual or
ocal plaque features versus multi-focal coronary inflamma-
ion. Measurement of macrophage densities within high-
esolution cross-sectional images of plaques from patients
ith different clinical syndromes could shed light on this
ssue. Intravascular optical coherence tomography (OCT) is
n optical analog of ultrasound that provides high-
esolution (10 m) cross-sectional images of the arterial
all (15–17). Optical coherence tomography is a reliable
nd reproducible modality for plaque characterization
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September 1, 2004:972–9 Imaging Plaque Macrophages In Vivo17,18). Recently, we demonstrated the ability of OCT to
ccurately quantify macrophage infiltration within athero-
clerotic plaque ex vivo by establishing a high degree of
orrelation between OCT signal variance and the presence
f CD68-positive cells (19). Extension of this method
nables transformation of the conventional OCT image into
two-dimensional representation of macrophage content
Fig. 1a). The purpose of the present study was to utilize
his novel technique to evaluate the distribution of coronary
acrophages in living patients with ST-segment elevation
yocardial infarction (STEMI), acute coronary syndromes
ACS), and stable angina pectoris (SAP).
Abbreviations and Acronyms
ACS  acute coronary syndrome
AUC  area under the curve
NSD  normalized standard deviation
OCT  optical coherence tomography
ROC  receiver operator characteristic
SAP  stable angina pectoris
STEMI  ST-segment elevation myocardial infarction
igure 1. Fibrous cap segmentation and macrophage density images
emonstrating high macrophage density (blue3 red) at a site of disruptio
rtifact. (b) Optical coherence tomography (OCT) image of an LP. The *
ight-hand corner. (c) Outline (red) of the segmented fibrous cap of th
uperimposed over a standard intensity image shows locations (blue3 red)
he color mapping of the NSD parameter.ETHODS
atient population. We enrolled patients (n  49) under-
oing single-vessel percutaneous coronary intervention for
e novo coronary artery disease over an 18-month period
etween July 2001 and December 2002. Exclusion criteria
ncluded renal insufficiency (creatinine 1.8 mg/dl), coro-
ary artery bypass graft intervention, and emergent proce-
ures including primary angioplasty. The study was ap-
roved by the Partners Institutional Review Board, and all
atients gave informed consent before participation.
linical presentation. Using standard definitions, clinical
resentation was defined as STEMI, ACS constituting
on-STEMI and unstable angina pectoris, and SAP (20).
he culprit lesion was determined using coronary angiog-
aphy in conjunction with the patient’s electrocardiogram
nd ventriculogram (21).
CT imaging. The technique of intracoronary OCT im-
ging has previously been described (17). Briefly, before
ercutaneous coronary intervention, a 3.0-F OCT catheter
as passed over a 0.014-inch angioplasty wire through a
tandard 7-F guide catheter. Under angiographic guidance,
he OCT catheter was advanced to the culprit lesion.
pid-rich plaques. (a) A normalized standard deviation (NSD) image
row) within a lipid-rich plaque (LP). The * represents guide wire shadow
sents guide wire shadow artifact. A 500 m scale bar is shown in the top
T image depicted in panel b. (d) Normalized standard deviation image
sponding to increased macrophage density. The color scale bar representsfor li
n (ar
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Imaging Plaque Macrophages In Vivo September 1, 2004:972–9mages were acquired at 4 frames/s during intermittent
aline injection (8 to 10 ml) and digitally recorded. We
cquired images at the center of the culprit plaque and at its
roximal and distal segments. Thus, up to three angio-
raphically distinct images of the culprit plaque were ob-
ained per patient. In addition, within the same vessel, we
maged angiographically mild or moderate lesions (30% to
0% stenosis) that were remote from the culprit site. Each
CT image was analyzed independently. Using previously
stablished criteria, images of lipid-rich or fibrous plaques
ere selected for analysis by two observers who were blinded
o the clinical presentation (18). Images with significant
ignal attenuation that precluded satisfactory evaluation of
laque morphology were excluded from the analysis.
ibroatheroma cap segmentation. After the selection of
mages of lipid-rich plaques, the caps were outlined using
utomatic bimodal histogram segmentation (22,23). The
hreshold was set at the nadir of the bimodal histogram
istribution computed from the pixel values within the
laque (22). The lateral boundaries of the cap were marked
t the interface between the lipid pool and the adjacent
brous tissue (Fig. 1c). For rupture sites, the interior
oundary was marked 250 m from the lateral-most por-
ion of the intimal disruption. For each image, the fibrous
ap was further segmented by morphologically eroding the
ap with a 50 m2 kernel into the most superficial 50 m,
hich we defined as “surface,” and the remainder of the cap,
hich we defined as “subsurface.” This image processing
rovided two distinct cap segments, which allowed compar-
son between the surface (50 m from the lumen) and
ubsurface (50 m from the lumen) macrophage densities
f the fibrous cap. Portions of the cap that were obscured by:
) overlying thrombus, 2) intraluminal blood, 3) guide wire,
r 4) arterial wall compression by the catheter sheath were
xcluded from analysis.
uantitative macrophage analysis. We performed mea-
urement of macrophage content on raw OCT data within
he region of interest using a technique previously validated
n an ex vivo study (19). Median filtering was performed
ith a 3  3 square kernel to remove speckle noise (IPLab
pectrum 3.1, Scanalytics, Fairfax, Virginia) (23,24). We
hen measured the normalized standard deviation (NSD)
or each pixel within each cap using a 125 m2 window
entered at the pixel location (Fig. 1d):
NSD(x, y)
(x, y)125m2
(Smax Smin)
 100
where NSD(x,y) was the normalized standard deviation of
he OCT signal at pixel location (x,y), Smax was the
aximum OCT image value, and Smin was the minimum
CT image value. Pixels within the (125  125) m2
indow that did not overlap with the segmented cap were
xcluded. For each image, we assessed macrophage density
y obtaining the average of the NSD values within the
egmented cap (mean NSD). Macrophage densities within pupture sites, surface, and subsurface caps were calculated in
he same manner. Because the segmentation of the caps and
he computation of the NSD were conducted in an auto-
ated fashion, the determination of macrophage density
as objective and not likely subject to investigator bias.
tatistical analysis. Results are expressed as means  SD
nless otherwise stated. The NSD measurements between
he groups were compared using analysis of variance. Sig-
ificant variance was further analyzed using the least squares
ean t test, which does not control for multiple compari-
ons. Correlation between continuous variables was esti-
ated using Pearson’s correlation coefficient. Comparison
etween the acute presentations (ACS  STEMI) and the
table presentations (SAP) were performed using the Stu-
ent t test. Receiver operating characteristic (ROC) curves
ere constructed comparing the true positive rate (sensitiv-
ty) to the false positive rate of surface and subsurface
acrophage densities for predicting patients with an acute
oronary event. Results for ROC analysis are expressed as
rea  standard error. Pairwise comparisons of the area
nder the ROC curve (AUC) were conducted using Med-
alc (MedCalc Software, Mariakerke, Belgium) and the
ethod described by Hanley and McNeil (25,26). All other
nalyses were performed using SAS software (SAS Institute
nc., Cary, North Carolina). A p value of 0.05 was
onsidered statistically significant.
ESULTS
total of 166 images of lipid-rich and 59 images of fibrous
laques were obtained from 49 patients. The baseline
haracteristics of the patient population are presented in
able 1. From this group, 47 lipid-rich and 18 fibrous
laques were excluded because of poor image quality. The
emaining 119 lipid-rich plaques (76 culprit sites, 43 remote
ites) and 41 fibrous plaques were analyzed. Culprit images
ere obtained in 74% and remote images were obtained in
5% of the patients studied. The median time to OCT
maging was 2 days (range 1 to 13 days) for the STEMI
roup, 4 days (range 1 to 30 days) for the ACS group, and
1 days (range 2 to 60 days) for the stable group.
ipid-rich plaques. To establish the relationship between
acrophage infiltration and clinical syndrome, we com-
ared the macrophage densities of lipid-rich plaques in
atients presenting with STEMI, ACS, or SAP. We found
hat the macrophage densities varied significantly among
he three clinical groups (p  0.001). Specifically, we
emonstrated a significantly greater macrophage density in
oth the STEMI (5.54  1.48%) and the ACS (5.86 
.01%) groups than in the SAP group (4.14  1.81%) (p 
.002 and p  0.001, respectively) (Fig. 2a). No significant
ifference was seen in macrophage density between the
TEMI and the ACS groups (p  0.38). The results are
ummarized in Table 2.
ibrous plaques. We also investigated whether macro-
hage content in fibrous plaques was also related to clinical
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September 1, 2004:972–9 Imaging Plaque Macrophages In Vivoresentation. When the STEMI and ACS syndromes were
ombined into a broader but clinically relevant category
epresenting all unstable patients (STEMI  ACS), we
ound a significantly higher macrophage density in fibrous
laques of the unstable group (5.41  1.10%) than in
laques of the stable group (4.43  1.46%) (p  0.025).
ulti-focal macrophage infiltration. In order to deter-
ine if macrophage content was increased in multiple
ocations in unstable patients, we further analyzed macro-
hage densities within lipid-rich plaques at both culprit and
emote sites within the same vessel. For culprit lesions, the
acrophage density was significantly higher in STEMI
5.66  1.44%) and ACS (5.91  2.06%) groups than in
he SAP (4.21  1.74%) group (p  0.013 and p  0.003,
espectively). At remote sites, a significantly greater macro-
hage density was found in the unstable (STEMI  ACS)
roup than in the stable group (5.53  1.71% vs. 4.02 
Table 1. Demographic Data
STEMI
Number 19 (39%)
Age (yrs) 57.6 10.86
Male (%) 17 (89%)
BMI (kg/m2) 27.9  3.77
Cholesterol (mg/dl) 167 40.5
LDL (mg/dl) 91  26.5
HDL (mg/dl) 44  28.2
Differences between groups determined using analysis of var
ACS  acute coronary syndrome; BMI  body mass
lipoprotein; SAP  stable angina pectoris; STEMI  ST-s
igure 2. Multi-focal macrophage density results. (a) Bar graph showing
acrophage density at culprit and remote sites for each clinical syndrome.
tandard error bars are represented. Within each clinical syndrome no
ignificant difference was found between the macrophage content at culprit
nd remote lesions. (b) Scatter plot of macrophage density in culprit lesions
elative to that at remote sites within the same patient. Linear regression
quation, Pearson’s correlation coefficient (r), and p value are depicted in
he insert. ACS  acute coronary syndrome; SAP  stable angina
ectoris; STEMI  ST-segment elevation myocardial infarction..02%; p 0.03). Moreover, when we compared culprit and
emote macrophage densities within each clinical syndrome,
e found that no significant difference existed between
ulprit and remote sites for each clinical group (STEMI: p
0.52; ACS: p  0.81; SAP: p  0.82) (Fig. 2a).
urthermore, within the same patients (n  15), macro-
hage density at remote sites correlated significantly with
hat of culprit sites (r  0.67, y  0.88x  0.43, p  0.006)
Fig. 2b).
ocal macrophage infiltration. Having established that
ulti-focal macrophage content was elevated in patients
ith unstable coronary syndromes, we asked whether focal
levations in macrophage content were independently re-
ated to symptom severity. In order to address this question,
e analyzed culprit lipid-rich plaques within the STEMI
nd ACS groups that demonstrated clear OCT evidence of
laque rupture (n 6; 2 STEMI, 4 ACS). For each rupture
ite we analyzed a 250 m segment at the point of
isruption and compared the macrophage density of the
upture location to that of the remainder of the plaque (Fig.
a). We found a significantly higher macrophage density at
he rupture site than of the adjacent non-ruptured cap
ithin the same image (6.95  1.6%, 5.29  1.17%; p 
.002) (Fig. 3b). Furthermore, macrophage density at rup-
ure sites was significantly greater than that of all non-
uptured culprit sites in the combined STEMI and ACS
roups (6.95  1.6%, 5.75  1.8%; p  0.04).
Finally, we examined the spatial location of macrophages
ithin the fibrous cap of lipid-rich plaques to determine if
he proximity of macrophages to the endothelial surface was
elated to coronary syndrome. We divided the fibrous cap
nto a superficial layer (50 microns from the luminal
urface) and a subsurface layer (50 microns from the
uminal surface). For each layer we computed ROC curves
ACS SAP p Value
9 (39%) 11 (22%)
.0 8.95 63.1 7.88 0.27
6 (84%) 11 (58%) 0.31
.4 5.76 30.0 5.21 0.28
8 55.4 186 50.5 0.21
4  35.0 102 26.0 0.48
3  20.4 41  10.6 0.95
; HDL  high-density lipoprotein; LDL  low-density
t elevation myocardial infarction.
able 2. Macrophage Density in Lipid-Rich Plaques
Macrophage
Density (%)
STEMI
(n  49)
UAP
(n  46)
SAP
(n  24) p Value
ll (n  119) 5.54  1.48 5.86 2.01 4.14 1.81 0.001
ulprit (n  76) 5.66 1.44 5.91 2.06 4.21 1.74 0.011
emote (n  43) 5.38 1.56 5.76 1.95 4.02 2.02 0.076
alues are presented as mean  SD. Differences between groups determined using
nalysis of variance. No significant difference was detected between the macrophage
ensity at the culprit and remote lesions within each clinical group.1
58
1
30
19
10
4
iance.
indexUAP  unstable angina pectoris; other abbreviations as in Table 1.
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Imaging Plaque Macrophages In Vivo September 1, 2004:972–9or the prediction of an unstable coronary presentation. At
ulprit sites, the AUC for superficial macrophage density
as significantly greater (0.79  0.06) than the AUC of the
ubsurface macrophage density (0.69  0.07; p  0.035)
Fig. 3c). For remote sites, the difference between surface
0.73  0.09) and subsurface (0.72  0.09) AUCs was not
ignificant (p  0.80) (Fig. 3d).
ISCUSSION
acrophages have been implicated in every stage of coro-
ary atherosclerosis from its initiation to its clinical presen-
ation (27–29). Macrophages secrete matrix metalloprotein-
ses that decrease plaque stability (30) and express tissue
actor, a potent promoter of coagulation (31). Increased
acrophage infiltration within culprit lesions has been
emonstrated in autopsy studies of patients dying of acute
oronary events and atherectomy studies of patients present-
ng with acute coronary syndromes (32,33). As such, mac-
ophages are considered central to atherosclerosis and its
igure 3. Focal macrophage density results. (a) Optical coherence tomograp
LP). The * represents guide wire shadow. A 500 m scale bar is seen in th
t sites of rupture, corresponding to outlined segment in panel a, compa
eceiver operating characteristic curves for surface and subsurface macrop
nd remote sites (panel d). Areas under curve (AUC) for surface and subhrombotic complications. sIn this study, we have extended the results of previous
nvestigations (32,33) by obtaining the first measurements
f macrophage distributions within high-resolution cross-
ectional images of human coronary plaques in vivo. In so
oing we observed a link between the structural morphology
nd biologic activity of coronary plaques. The value of this
iologic measurement is reflected in the significant differ-
nces in cap macrophage densities found in patients with
table and unstable coronary syndromes.
Our results demonstrate that increased multi-focal in-
ammation is present in patients with severe manifestations
f coronary atherosclerosis. First, a high degree of correla-
ion was found between the macrophage densities at remote
nd culprit sites within the same patient. Second, no
ignificant difference in macrophage content was detected
etween the remote and culprit sites within each clinical
roup. Finally, within remote sites, a significantly greater
acrophage density was found in the acute compared with
he stable clinical syndromes. These findings support recent
CT) image of a rupture site (outlined in red) overlying a lipid-rich plaque
right-hand corner. (b) Bar graph representing mean macrophage density
ith the rest of the plaque. Standard error bars are represented. (c and d)
density for prediction of an acute coronary event at culprit sites (panel c)
e macrophage density and the p value are noted in the insert.hy (O
e top
red w
hage
surfactudies that demonstrate inflammatory cell activation not
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September 1, 2004:972–9 Imaging Plaque Macrophages In Vivonly within the culprit artery but also within non-culprit
rteries (6,7). Our data therefore provide further proof of
he multi-focal nature of inflammation in symptomatic
oronary atherosclerosis and demonstrate in vivo that this
nflammation is manifested, at least in part, by increased
acrophage density in the fibrous caps of both culprit and
on-culprit lesions.
By demonstrating a significantly greater macrophage
ensity at sites of plaque rupture, our results indicate that
ocal increases in macrophage content within individual
laques also affect plaque stability. Focal macrophage acti-
ation is thought to cause plaque instability by reducing
ollagen synthesis, increasing collagen degradation, and
nducing smooth muscle cell apoptosis (28). The significant
ole of focal inflammatory plaque features is further sup-
orted by our observation that surface macrophage content
as more predictive of clinical syndrome in culprit plaques,
ut not in remote lesions. The increased significance of
acrophages at the surface of culprit lesions alone indicates
hat the spatial distribution of macrophages is intrinsically
ifferent in culprit lesions from that in non-culprit lesions
ithin the same patient, even in the setting of elevated
eneralized inflammation. This finding may be explained by
he results of recent studies that have shown that macro-
hages present at plaque surfaces may promote instability
hrough endothelial erosion and tissue factor expression
34–37). This predilection of macrophages for the surface of
ulprit lesions may provide us with a new parameter for
ssessing individual plaque vulnerability.
An added advantage of this method is the potential to
ssess macrophage distribution in the context of high-
esolution cross-sectional images of plaque morphology
Fig. 1). Previous studies have demonstrated that OCT is
apable of characterizing plaque type with high sensitivity
nd specificity (18). In this study, we demonstrated that in
cute patients inflammation is increased not only within the
broatheromas typically implicated in plaque rupture, but
lso in fibrous plaques. Although fibrous plaques have
raditionally been considered more stable, erosion of the
uperficial endothelial layer overlying fibrous plaques is
ound in a significant number of patients with an acute
oronary event (3,4).
ther methods for detecting arterial inflammation. Athero-
clerotic plaque temperature and thermal heterogeneity have
reviously been shown to correlate with plaque macrophage
ontent (38). Clinical application of this technique demon-
trated significantly greater intracoronary thermal heteroge-
eity in patients presenting with acute coronary events (39),
ndings that are consistent with our data. Similarly, mag-
etic resonance imaging of iron oxide-labeled macrophages
as recently been shown to predict ruptured or rupture-
rone carotid plaques in vivo (40). Both techniques are of
reat interest insofar as they provide a functional measure of
acrophages within atherosclerotic plaque. Optical coher-
nce tomography complements these modalities, as it de-
ects macrophages in the context of other microstructural oeatures of plaque instability, such as a thin fibrous cap, a
ipid-rich core, or evidence of rupture.
tudy limitations. Because blood attenuates light, it must
e removed from the field of view in order to obtain high
uality optical images. In the current study, blood was
urged during imaging by flushing the artery with saline.
his procedure permitted clear cross-sectional imaging at
iscrete locations but precluded comprehensive evaluation
f the entire vessel. It is likely, therefore, that some rupture
ites within some culprit lesions were not visualized. Inad-
quate saline purging resulted in exclusion of some images
rom analysis because of poor OCT image quality. Exclu-
ion of these images may have introduced an inadvertent
election bias and, as a result, our findings should be
onsidered preliminary. Forthcoming enhancements to
CT technology, including improvements in saline delivery
nd faster acquisition rates, will enable comprehensive
creening of long coronary segments. Unfortunately, throm-
us rapidly attenuates the OCT signal, prohibiting accurate
easurement of macrophage content arising from the vessel
all underlying the thrombus. This attenuation would affect
he macrophage density measurement, independent of the
ctual macrophage content. Although in principle it is
ossible to correct for the attenuation of the overlying
hrombus, this correction method has not yet been validated
gainst a gold standard. As a result, we chose to eliminate
esions containing a thrombus from the data set. In doing
o, we may have underestimated the effect of macrophages
t sites of endothelial erosion and rupture. Despite this
imitation, our results achieved a high level of significance.
Imaging was performed at a single time point following
ymptom onset. As a result, the degree to which inflamma-
ion was a cause or a consequence of the clinical presenta-
ion could not be examined. Several studies have demon-
trated elevation of acute-phase reactants or inflammatory
arkers before clinical presentation, indicating that inflam-
ation precedes plaque disruption (41,42). Upcoming clin-
cal trials will address this question by investigating the
volution of macrophage distributions in patients with a
ariety of symptoms.
The use of HMG-CoA reductase inhibitors (statins) is
urrently thought to improve cardiac mortality by a variety
f mechanisms, one of which includes the inflammatory
odulation properties of statins (28). Unfortunately, in this
tudy information on statin use was not adequately re-
orded, and we were therefore unable to evaluate the effect
f statins on macrophage content. Larger clinical studies
tilizing OCT are planned that will investigate the relation-
hip between macrophage distributions and patient-specific
actors including statin use, age, gender, diabetes, hyperlip-
demia, homocysteinemia, smoking, and high sensitivity
-reactive protein.
onclusions. This study provides evidence supporting
oth the vulnerable plaque model and the hypothesis of
ulti-focal inflammatory risk, linked by the common threadf increased macrophage infiltration. Therefore, we hypoth-
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Imaging Plaque Macrophages In Vivo September 1, 2004:972–9size that elevated multi-focal coronary macrophage con-
ent, present in both culprit lesions and at remote sites,
erves as a background for heightened risk. Superimposed
n this inflammatory background, local increases in macro-
hage content, particularly at the cap surface and at areas at
igh risk for rupture, further promote the instability of
ndividual lesions. Future studies will test these hypotheses
y using this technology to evaluate the significance of both
ocal and generalized macrophage content for predicting
cute coronary events. As our understanding of coronary
therosclerosis advances, we anticipate that the relationship
etween these two hypotheses will become clearer and that
ptimal treatment strategies will combine pharmacologic
herapy to control multi-focal intracoronary inflammation
nd directed local therapy to further diminish the likelihood
f an acute coronary event.
cknowledgment
e are grateful to Dr. James Muller for reviewing the
anuscript.
eprint requests and correspondence: Dr. Guillermo J. Tearney,
ellman Center for Photomedicine, Massachusetts General
ospital, BAR 703, Boston, Massachusetts 02114. E-mail:
tearney@partners.org.
EFERENCES
1. Fuster V, Fayad ZA, Badimon JJ. Acute coronary syndromes: biology.
Lancet 1999;353:115–9.
2. Libby P. Current concepts of the pathogenesis of the acute coronary
syndromes. Circulation 2001;104:365–72.
3. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons
from sudden coronary death: a comprehensive morphological classifi-
cation scheme for atherosclerotic lesions. Arterioscler Thromb Vasc
Biol 2000;20:1262–75.
4. Farb A, Burke AP, Tang AL, et al. Coronary plaque erosion without
rupture into a lipid core. A frequent cause of coronary thrombosis in
sudden coronary death. Circulation 1996;93:1354–63.
5. Arbustini E, Grasso M, Diegoli M, et al. Coronary atherosclerotic
plaques with and without thrombus in ischemic heart syndromes: a
morphologic, immunohistochemical, and biochemical study. Am J
Cardiol 1991;68:36B–50B.
6. Mazzone A, De Servi S, Ricevuti G, et al. Increased expression of
neutrophil and monocyte adhesion molecules in unstable coronary
artery disease. Circulation 1993;88:358–63.
7. Buffon A, Biasucci LM, Liuzzo G, D’Onofrio G, Crea F, Maseri A.
Widespread coronary inflammation in unstable angina. N Engl J Med
2002;347:5–12.
8. Asakura M, Ueda Y, Yamaguchi O, et al. Extensive development of
vulnerable plaques as a pan-coronary process in patients with myocar-
dial infarction: an angioscopic study. J Am Coll Cardiol 2001;37:
1284–8.
9. Maehara A, Mintz GS, Bui AB, et al. Morphologic and angiographic
features of coronary plaque rupture detected by intravascular ultra-
sound. J Am Coll Cardiol 2002;40:904–10.
0. Mann J, Davies MJ. Mechanisms of progression in native coronary
artery disease: role of healed plaque disruption. Heart 1999;82:
265–8.
1. Farb A, Malcom GT, Liang YH, Smialek J, Virmani R, Burke AP.
Coronary risk factors and plaque morphology in men with coronary
disease who died suddenly. N Engl J Med 1997;336:1276–82.
2. Maseri A, Fuster V. Is there a vulnerable plaque? Circulation 2003;
107:2068–71.
3. Casscells W, Naghavi M, Willerson JT. Vulnerable atherosclerotic
plaque: a multifocal disease. Circulation 2003;107:2072–5.4. Naghavi M, Libby P, Falk E, et al. From vulnerable plaque to
vulnerable patient. A call for new definitions and risk assessment
strategies: part I. Circulation 2003:1664–72.
5. Huang D, Swanson EA, Lin CP, et al. Optical coherence tomography.
Science 1991;254:1178–81.
6. Brezinski ME, Tearney GJ, Bouma BE, et al. Optical coherence
tomography for optical biopsy. Properties and demonstration of
vascular pathology. Circulation 1996;93:1206–13.
7. Jang IK, Bouma BE, Kang DH, et al. Visualization of coronary
atherosclerotic plaques in patients using optical coherence tomogra-
phy: comparison with intravascular ultrasound. J Am Coll Cardiol
2002;39:604–9.
8. Yabushita H, Bouma BE, Houser SL, et al. Characterization of
human atherosclerosis by optical coherence tomography. Circulation
2002;106:1640–5.
9. Tearney GJ, Yabushita H, Houser SL, et al. Quantification of
macrophage content in atherosclerotic plaques by optical coherence
tomography. Circulation 2003;107:113–9.
0. Cannon CP, Battler A, Brindis RG, et al. American College of
Cardiology key data elements and definitions for measuring the clinical
management and outcomes of patients with acute coronary syndromes.
A report of the American College of Cardiology Task Force on
Clinical Data Standards (Acute Coronary Syndromes Writing Com-
mittee). J Am Coll Cardiol 2001;38:2114–30.
1. Ambrose JA, Winters SL, Arora RR, et al. Coronary angiographic
morphology in myocardial infarction: a link between the pathogenesis
of unstable angina and myocardial infarction. J Am Coll Cardiol
1985;6:1233–8.
2. Gonzalez R, Wintz P. Digital Image Processing. 2nd edition. Read-
ing, MA: Addison-Wesley Publishing Co., 1987.
3. Jahne B. Digital Image Processing: Concepts, Algorithms and Scien-
tific Applications. Berlin: Springer-Verlag, 1991.
4. Pratt W. Digital Image Processing. 2nd edition. New York, NY: John
Wiley and Sons, 1991.
5. Hanley J, McNeil B. A method of comparing the areas under receiver
operating characteristic curves derived from the same cases. Radiology
1983;148:839–43.
6. Hanley JA, McNeil BJ. The meaning and use of the area under a
receiver operating characteristic (ROC) curve. Radiology 1982;143:
29–36.
7. Ross R. Atherosclerosis: an inflammatory disease. N Engl J Med
1999;340:115–26.
8. Libby P. Inflammation in atherosclerosis. Nature 2002;420:868–74.
9. van der Wal AC, Becker AE, van der Loos CM, Das PK. Site of
intimal rupture or erosion of thrombosed coronary atherosclerotic
plaques is characterized by an inflammatory process irrespective of the
dominant plaque morphology. Circulation 1994;89:36–44.
0. Shah PK, Falk E, Badimon JJ, et al. Human monocyte-derived
macrophages induce collagen breakdown in fibrous caps of atheroscle-
rotic plaques. Potential role of matrix-degrading metalloproteinases
and implications for plaque rupture. Circulation 1995;92:1565–9.
1. Zaman AG, Helft G, Worthley SG, Badimon JJ. The role of plaque
rupture and thrombosis in coronary artery disease. Atherosclerosis
2000;149:251–66.
2. Stary HC, Chandler AB, Dinsmore RE, et al. A definition of
advanced types of atherosclerotic lesions and a histological classifica-
tion of atherosclerosis. A report from the Committee on Vascular
Lesions of the Council on Arteriosclerosis, American Heart Associa-
tion. Circulation 1995;92:1355–74.
3. Moreno PR, Falk E, Palacios IF, Newell JB, Fuster V, Fallon JT.
Macrophage infiltration in acute coronary syndromes. Implications for
plaque rupture. Circulation 1994;90:775–8.
4. Rajavashisth T, Qiao JH, Tripathi S, et al. Heterozygous osteopetrotic
(op) mutation reduces atherosclerosis in LDL receptor-deficient mice.
J Clin Invest 1998;101:2702–10.
5. Colli S, Lalli M, Rise P, et al. Increased thrombogenic potential of
human monocyte-derived macrophages spontaneously transformed
into foam cells. Thromb Haemost 1999;81:576–81.
6. Lesnik P, Rouis M, Skarlatos S, Kruth HS, Chapman MJ. Uptake of
exogenous free cholesterol induces upregulation of tissue factor expres-
sion in human monocyte-derived macrophages. Proc Natl Acad Sci U
S A 1992;89:10370–4.
33
3
4
4
4
979JACC Vol. 44, No. 5, 2004 MacNeill et al.
September 1, 2004:972–9 Imaging Plaque Macrophages In Vivo7. Kolodgie F, Narula J, Burke A, et al. Localization of apoptotic
macrophages at the site of plaque rupture in sudden coronary death.
Am J Pathol 2000;1259–68.
8. Casscells W, Hathorn B, David M, et al. Thermal detection of cellular
infiltrates in living atherosclerotic plaques: possible implications for
plaque rupture and thrombosis. Lancet 1996;347:1447–51.
9. Stefanadis C, Diamantopoulos L, Vlachopoulos C, et al. Thermal
heterogeneity within human atherosclerotic coronary arteries detected
in vivo: a new method of detection by application of a special
thermography catheter. Circulation 1999;99:1965–71.0. Kooi ME, Cappendijk VC, Cleutjens KB, et al. Accumulation of
ultrasmall superparamagnetic particles of iron oxide in human athero-
sclerotic plaques can be detected by in vivo magnetic resonance
imaging. Circulation 2003;107:2453–8.
1. Liuzzo G, Biasucci LM, Gallimore JR, et al. The prognostic value of
C-reactive protein and serum amyloid A protein in severe unstable
angina. N Engl J Med 1994;331:417–24.
2. Ridker PM. C-reactive protein and other markers of inflammation in
the prediction of cardiovascular disease in women. N Engl J Med
2000;342:836–43.
